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The production of detrimental carbonaceous deposits in jet aircraft fuel systems results from the involvement
of trace heteroatomic species in the autoxidation chain that occurs upon fuel heating. Although it has been
known for many years that these sulfur-, nitrogen-, and oxygen-containing species contribute to the tendency
of a fuel to form deposits, simple correlations have been unable to predict the oxidation rates or the deposit
forming tendencies over a range of fuel samples. In the present work, a chemical kinetic mechanism developed
previously is refined to include the roles of key fuel species classes, such as phenols, reactive sulfur species,
dissolved metals, and hydroperoxides. The concentrations of these fuel species classes in the unreacted fuel
samples are measured experimentally and used as an input to the mechanism. The resulting model is used to
simulate autoxidation behavior observed over a range of fuel samples. The model includes simulation of the
consumption of dissolved oxygen, as well as the formation and consumption of hydroperoxide species during
thermal exposure. In addition, the chemical kinetic mechanism is employed with a global deposition
submechanism in computational fluid dynamics (CFD) simulations of deposit formation occurring in near-
isothermal as well as non-isothermal flowing environments. Experimental measurements of oxygen consumption,
hydroperoxide formation, and deposition are performed for a set of seven fuels. Comparison with experimental
measurements indicates that the methodology offers the ability to predict both oxidation and deposition rates
in complex flow environments, such as aircraft fuel systems, using only measured chemical species class
concentrations for the fuel of interest.

Introduction exchangers. Numerous techniques have been investigated to

Prior to being combusted for propulsion, jet fuel is heated limit the formation OT erosits, including the foIIowing:' fuel
during passage through aircraft fuel system components. ThisSYStem deS|gns fo minimize fuel temperatures, fuel additives to
heating occurs incidentally while passing through fuel pumps |nh|b|t autoxidation and/or deposn form_atlon,_ fuel de°x¥99”'
but is promoted via heat exchangers, particularly in advanced ation, fuel system surface coatings, aqd inclusion of.“sacnflual”
military aircraft, to remove excess heat from numerous aircraft or C(.)ke tolerant cor_n_ponen'{'sBut, no single method is able to
subsystems. Systems which may require cooling include avion-e!'m'nate the deposition p_r(_)blem under all current and proposed
ics, hydraulics, lubrication, and environmental control. The use aircraft fuel system con.dltlor)s. .
of fuel to cool fuel system, engine, and airframe components is I.n recent years, Che".“ca' klnepc mOdEIS have been developed
an enabling technology for advanced military aircraft due to ‘.Nh'Ch S'leéjlate the major autOX|dat|_on pathw_ays that oceur in
the large quantity of excess heat produced. Unfortunately, the{?t:ui& h I‘?er:e\\/,srl]?p?er: %fl a w':gely ?pgi“(i?br:e anthIda-it
heat absorbed by the fuel is not always innocuous. When fuel on mechanism, ch enaples the preaiction of depos
temperatures approaetil40°C, the fuel begins to react via an formation, would gre.a.tly aid the fuel system design process and
autoxidation chain mechanism with the small amount of enable the_ more efficient use Of.the fuel as a heat é_mk.]et .
dissolved oxygen (6575 ppmwt} present from exposure to fuels consist of hundreds of individual species, which vary in
air. These autoxidation reactions ultimately result in the forma- Fhelr 'd‘?”t"y and concentration in d!ﬁereqt fugl samples., Itis
tion of detrimental surface deposits and bulk insoluBles. impractical to build detailed chemical kinetic mechanisms.

These deposits can plug narrow passageways in valves, fiItersGrOUp(':‘d or lumped mechanisms, sometimes referred to as

and nozzles and can inhibit the desired heat transfer in heat (3)Heneghan, S. P.; Zabarnick, S.; Ballal, D. R.; Harrison, WJE.
Energy Res. Tecl1996 118 170-179.

* Corresponding author. Tel.: 937-255-3549. E-mail: (4) Zabarnick, Sind. Eng. Chem. Re4.993 32, 1012-1017.
Steven.Zabarnick@wpafb.af.mil. (5) Zabarnick, SEnergy Fuelsl998 12, 547-553.

T Air Force Research Laboratory. (6) Kuprowicz, N. J.; Ervin, J. S.; Zabarnick, Buel. 2004 83, 1795~
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Pet. Chem1994 39, 47—-50. Techniques Toward Model ValidatioRroceedings of the 8th International
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“pseudo-detailed” mechanisms, have been used to simulate theperoxide profiles (hydroperoxide concentration vs residence time)
most important reactive pathways, including the effects of are determined by reaction of collected fuel sample aliquots with
antioxidants and catalytic surface$:® In addition, these trlphenylphosphln_e, and quantification of the tr_lphgnylphosp_hlne
mechanisms have been combined with computational fluid ©Xide produced via gas chromatograpfiythe oxidation experi-

dynamics techniques with the goal of simulating the complex MENts are performed using tubes coated with Silcosteel (Restek
time and temperature variation during fuel flow in aircraft fuel Corp.) to minimize surface catalysis and changes in fuel oxidation

B9 M v initial eff includi rates due to surface fouling if bare metal tubes were employed.
system components. Most recently, Initial efforts atincluding  gyface deposition is measured in separate 72 h runs utilizing the

global deposit formation reactions in these mechanisms haven|FTR system with a continuous flow rate of 0.25 mL min
been performed!® An initial goal in the development of these  Uncoated stainless steel (SS316) tubes are used for the deposition
models is to allow prediction of oxidation and deposition under experiments, with deposits produced during the first-12 h
simple laboratory flow systems with near-isothermal tempera- providing a noncatalytic surface for the vast majority of the test
tures, with the ultimate goal of simulation of complex flow time. At the end of each deposition experiment, the tube is

systems, such as engine nozzles, which exhibit highly non- segmented into 2 in. long sections. The segments are washed with
isothermal fuel exposure. hexane to remove any residual fuel and, then, dried in a vacuum

The present work details the development of an approach oven at 100°C for at least 2 h. Thg total qarbon deposition within

which offers the potential to enable the prediction of the liquid- each tube segment is then detgrmlned using standard _carbon burnoff
L b o . . methods (LECO RC-412 Multiphase Carbon Determinator).

phase autoxidation and deposition of jet fuels. A chemical = the geposition characteristics of one fuel, F4177, are also
kinetic mechanism developed previously is refined to include eyaluated in a non-isothermal flowing environment utilizing the
the roles of key fuel species classes, such as phenols, reactivgCAT. A detailed description of the design and operation of the
sulfur species, dissolved metals, and hydroperoxides. The ECAT flow reactor system was presented in previous studiég.
concentrations of these fuel species classes are determined foA single-tube Lindberg furnace is used to provide the heated
the unreacted fuel samples and used as an input to thereaction zone during testing. The furnace has a 36 in. actively heated
mechanism. The resulting model is used to simulate the zone with 5.25 in. insulating adapters at each end. Stainless steel
autoxidation behavior observed over a range of fuel samples.tubing (SS316, 50 in. length, 0.125 in. 0.d., 0.085 in. i.d.) is used
The model includes simulation of the consumption of dissolved [OF the ECAT deposition experiments. The tubing is positioned

wvaen well the formation and consumption of hvdro- horizontally such that the-844 in. section is within the actively
oxygen, as well as the formation and consumption Of Nyaro- peataq zone. Outer wall temperatures are monitored using thermo-
peroxide species during thermal exposure. In addition, the

. A ) M= . '~ couples that are strap welded to the wall at various axial locations.
chemical kinetic mechanism is employed with a global deposi- The pulk fuel outlet temperature is measured using a thermocouple
tion submechanism in computational fluid dynamics (CFD) that is inserted into the fuel flow approximately 7 in. downstream
simulations of deposit formation occurring in near-isothermal of the heated reaction zone. Three ECAT deposition experiments
as well as non-isothermal flowing environments. at varying temperatures were performed, each with a fuel flow rate
of 10 mL min! and system pressure of 550 psig. This flow rate
for the fuel temperatures considered translates to Reynolds numbers
in the range of 7861000 at the tube exit. Such Reynolds numbers
usually correspond to laminar flow. However, for the flows in the
aircraft fuel system operation. Under laminar flow conditions, the present heated horizontal tubes, buoyancy was assumed to prema-
low flow rates result in relatively long residence times and slower turely induce turbulent flow. Others have demonstrated a similar
rates of species and heat transport relative to those occurring inpremature transition to turbulence within horizontal heated téibes.
turbulent flow. Thus, it is important to perform experiments under In addition, Katta et a® have used this assumption to simplify
both laminar and turbulent flow conditions to develop and validate simulations of the flow within heated horizontal tubes while
models of oxidation and deposition. Two experimental rigs were providing good agreement between measured and calculated exit
used in the present work. The first rig, a near-isothermal flowing bulk temperatures. Thus in the simulations of the ECAT experi-
tube reactor (NIFTR), involved laminar flow and was used to ments, we assumed the flow to be turbulent. Upon completion of
evaluate the oxidation and deposition characteristics of seven jetthe 6 h ofreaction time, the tubing is removed from the system
fuels. The second rig employed turbulent flow and is a single-tube, and segmented, rinsed, and dried in a manner consistent with that
non-isothermal flowing reactor system referred to as the ECAT. previously described for the NIFTR deposition experiments. The

The NIFTR system consists of a single-tube heat exchanger (32total carbon deposition in each segment is measured using standard
in. length, 0.125 in. o.d., 0.085 in. i.d.) which has been described carbon burnoff methods. Table 1 provides a summary of the
in detail previouslyt! Fuels are exposed to a temperature of 185 conditions of the NIFTR and ECAT jet fuel deposition experiments
°C at 300 psig for all NIFTR experiments in the present work. The discussed in this work. The techniques used to quantify species
constant wall temperature provided by the copper block heater, class composition of the fuels are detailed in the following section.
along with low flow rates, provides a near-isothermal reaction

Experimental Details

Both laminar and turbulent flow conditions can occur during

environment for the fuel. In the oxidation experiments, where the
oxygen consumption is monitored at various residence times, flow
rates are varied over the range 0:Z60 mL mim? (Reynolds

numbers of 16-205 at the tube exit) using a syringe pump. Average

residence times are calculated using the known reactor tube volume,

flow rates, and a correction for fuel expansion with temperature.
Oxygen profiles (dissolved oxygen fraction vs residence time) are
determined by in-line sampling of the fuel and injection to a gas
chromatographic system and are reproducible-&9012 Hydro-

(8) Doungthip, T.; Ervin, J. S.; Zabarnick, S.; Williams, T. Energy
Fuels2004 18, 425-437.

(9) Ervin, J. S.; Zabarnick, SEnergy Fuelsl998 12, 344-352.

(10) Doungthip, T. Ph.D. Thesis, University of Dayton, Dayton, OH,
2004.

(11) Jones, E. G.; Balster, L. M.; Balster, W Ehergy Fuelsl998 12,
990-995.

Methodology

Jet fuels are comprised of hundreds, or perhaps thousands,
of chemical species. The composition of a typical jet fuel is

(12) Rubey, W. A.; Striebich, R. C.; Tissandier, M. D.; Tirey, D. A;
Anderson, S. DJ. Chromatogr. Scil995 33, 433-437.

(13) West, Z. J.; Zabarnick, S.; Striebich, R. I8d. Eng. Chem. Res.
2005 44, 33773383.

(14) DeWitt, M. J.; Zabarnick, SPrepr. Pap—Am. Chem. Soc., Di
Pet. Chem2002 47, 183-186.

(15) Minus, D. K.; Corporan, EPrepr. Pap—Am. Chem. Soc., bi Pet.
Chem.200Q 45, 484-487.

(16) Minus, D. K.; Corporan, ERrepr. Pap—Am. Chem. Soc., bi Pet.
Chem.1998 43, 360-363.

(17) Kakac, S.; Shah, R.; Aung, Wandbook of Single-Phase Caat-
tive Heat TransferWiley-Interscience: New York, 1987.

(18) Katta, V. R.; Blust, J.; Williams, T. F.; Martel, C. B. Thermophys.
Heat Transferl995 9, 159-168.
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Table 1. Summary of Deposition Experiments non-radical
products
(a) (b) Initiation
test rig NIFTR ECAT SH_%" *\ *
no. experiments 7 3 Re
Jet-A-1 fuels F2747 N/A ROSH
Jet-A fuels F2959, F3084, N/A 2
F3166, F3219 +0
JP-8 fuels F3804, F4177 F4177 2
tubing type stainless steel stainless steel RH
(SS316) (SS316)
tube o.d. 0.125in. 0.125in. As RO
tube i.d. 0.085in. 0.085in.
tube length 32in. 50in. AH
tube orientation horizontal horizontal ) ) o . .
flow rate 0.25 mL mint 10.0 mL mirrt Figure 1. Diagram of the autoxidation reaction process showing the
flow pressure (inlet) 2.3 MPa 3.9 MPa role of peroxy radical inhibiting (AH) and hydroperoxide decomposing
inlet temperature room temperature  room temperature (SH) species classes.
wall temperature constant (185 °C)  variable{2D0 °C),

maximum wall temps

Table 2. Chemical Kinetic Mechanism of Liquid-Phase Oxidation

of 340, 370, and 400 °C

i 1

active heating ©632in. section  8—44 in. section # reaction A(mol,L,s) Ea(kcalmol™
of tubing of tubing 1 |—R 1x10°3 0
exit temperature 185°C 30(855 °C 2 R+0,—RO 3x10° 0
exit Reynolds nos. 10 7801000 3 RO+RH—ROH+R 3x10° 12
test duration 72h 6h 4 RO + RO,* — termination 3x 10° 0
_ _ 5 RO+ AH—ROH +A* 3x10° 5
approximately 80% alkanes, +@5% alkylated aromatics,and 6 A°*+RH—AH+R° 1x 10° 12
parts per million to parts per thousand quantities of heteroatomic 7 A*+ RO, — Producta 3x 10° 0
species. The heteroatomic species consist of oxygen-containing® ECZHR—»—I;%+ o ii £5 33
molecules, such as phenol; and hyglroperc_)xidgs; sulfur-contgin- 10 RO+ RH— ROH+ R 3 % 10° 10
ing molecules, such as thiols, sulfides, disulfides, benzothio- 11 RO — Ryime + carbonyl 1x 1016 15
phenes, dibenzothiophenes, and elemental sulfur; and, lastly,12 °*OH+RH—H 0O+ R 3x10° 10
nitrogen-containing molecules, such as anilines, pyridines, 13 RO ffg;jﬁgﬁ . g x ig 18
indoles, amines, and carbazoles. Although the heteroatomic ;g g’c"ﬁj + SH— Productss 3 i 10 18
species represent less than 1% of the typical fuel content, they 16 Ror— R + 0, 1 x 1016 19
are the primary species responsible for differences among 17 RG + R — termination 3x 10° 0
oxidation and deposition behavior of fuel samples. As all of 18 ROH+M—RO+°0H+M  3x10% 15

the species in jet fuel may contribute to jet fuel oxidation and
deposition behavior to some degree, ideally it would be desirable

to identify and quantify them individually and to understand Can Pe naturally occurring fuel species or added synthetic
how they affect oxidation and deposition processes. Unfortu- antioxidants. These species intercept the peroxy radical, slowing

nately, due to the complex mixture that constitutes jet fuel and the chain by preventing the reformation of hydrocarbpn radicals.
the variation between fuel samples (which are specified via 1€ Presence of hydroperoxide decomposing species, SH, can
properties rather than chemical composition), it is impractical also slow the O_X|dat|on of the f_uel. Th_ese species _slow OX|dat_|on
to consider the detailed concentrations and reactions of hundred®y décomposing hydroperoxides via a nonradical-producing
of varying species. Therefore, the oxidation and deposition Pathway. Hydroperoxides act as initiators in the mechanism,
behavior of jet fuel has been characterized in a pseudo-detailediNcréasing the free radical pool and the resulting oxidation rate.
(i.e., simplified) chemical kinetic mechanism in which the fuel 11US. at temperatures where the oxidation rate is being
is treated as a mixture of classes of compounds, rather thaninfluenced by hydroperoxide initiation, the removal of hydro-

individual species. Thus, the relevant species classes need t@€roxides results in a reduction of the oxidation féte. .
be identified, quantified, and incorporated into a reaction The chemical kinetic mechanism and associated Arrhenius

mechanism which includes the chemical behavior of interest. Fate parameters describing the basic autoxidation cycle of Figure
Chemical Kinetic Mechanism. The basic autoxidation & have been previogsly pub|i§héﬂ'he enhanced version use.d

mechanism has been described in detail previduélgnd is in the present work is shown in Table 2. Use of the mechanism

shown schematically in Figure 1. The mechanism is limited to to model individual fuel samples requires analytical techniques

the most important reactions in determining fuel oxidation © duantify the important species classes, AH, SH, and ROOH,

behavior. The species classes represented in the cycle are@S Well as dissolved metals (denoted as M in Table 2).

hydrocarbons (RH), dissolved oxygen J0peroxy radical Techniques used for the identification and quantification of these
inhibitors or antioxiélants (AH), hydroperoxide decomposers species classes, as well as evidence of their involvement in fuel
(SH), and hydroperoxides (ROOH). The cycle begins with a autoxidation and deposition, are now presented.

poorly understood initiation process that produces a hydrocarbon AH Species ClassThere is much evidence indicating that
radical, R. The resultant radical reacts rapidly with dissolved Polar species, and phenols which comprise the bulk of the jet

oxygen, forming a peroxy radical, RO This peroxy radical fuel polars,_play an importgn_t role in determining the oxidation
can extract a hydrogen atom from a fuel hydrocarbon (likely and deposition chgraqterlsths of fuel samples. Phenols are
an alkyl-substituted aromatic species), forming a hydroperoxide KNown to act as antioxidants in hydrocarb%a‘rrz?d have been
and regenerating the*Radical, thereby continuing the cycle. SNOWn to slow oxidation in jet fuel samplés™ It is known

Due the reactivity of benzylic hydrogen atoms relative to those
in paraffinic species, the hydrocarbon radical;, Rvhich
propagates the chain is likely a benzylic radit®aThis process

3

can be slowed by the presence of antioxidant species, AH, which

(19) Zabarnick, S.; Phelps, D. energy Fuels2006 20, 488-497.
(20) Zabarnick, S.; Mick, M. SInd. Eng. Chem. Re4999 38, 3557
3563.
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Table 3. Polar, Hydroperoxide, and Reactive Sulfur Content of the

for the seven fuels studied here. The table shows that the polar
Seven Fuels Studied

concentrations in these fuels cover the range-1%lA mg L%
Analysis of a wide range of jet fuel samples indicates that the
vast majority contain from 100 to 600 mg L of polars32

| ) reactive
polars concentration  wyqroperoxides sulfurs conc

fuel sample relativé) (mg L1)b conc uM mwt . .

P ( ) (mgL™) (M) (ppmw) Use of the measured polar species class concentrations for
F2747 (JetA-1)  0.32 167 21 1 numerical modeling purposes is complicated by the fact that
F2959 (Jet A) 0.43 222 3 911 . . o
F3084 (Jet A) 0.90 465 13 426 various species measured within a class have a range of
F3166 (Jet A) 1.00 515 11 519 reactivities. For example, a given fuel sample may have many
F3219 (Jet A) 0.43 223 5 286 dozens of naturally occurring phenols, including methyl-
F3804 (JP-8) 0.34 177 21 366 substituted, dimethyl-substituted, and larger phenols. During fuel
F4177 (JP-8) 0.94 486 13 1069

autoxidation each of these phenols is capable of intercepting
a|ntegral of 254 nm UV response obtained using the normal-phase HPLC peroxy radicals via,

method for polar species quantificatférlivided by that obtained for fuel

F3166.° Estimate of absolute polar concentrations based on phenol calibra-

tion mixture studies? o)

H------0—O—-R

from the experience gained studying many fuel samples that RO;" + AH - ROH + A’

jet fuels with high concentrations of naturally present phenol

species tend to oxidize slowly and jet fuels with low concentra- R

tions of these phenols tend to oxidize quickhin addition to ) ) ) )

having important effects on oxidation, there is also evidence Where AH is a phenol species andié a phenoxy radical. The
which suggests that phenols have significant effects on surface/Aenius rate parameters of the reaction vary for different
deposition. For example, the deposits produced over a wide Phenol species. In Iater sections, ameth_od to relate the measured
range of fuel samples have been correlated with measuredPOlar (Phenol) species class concentration to the AH concentra-
concentrations of polar fuel fractidand the removal of polar ~ tion used in the model is discussed. o
phenols via solid-phase extract?éror silylatior?” results in SH Species Classnother important class of species in fuel
increased oxidation rates and decreased deposition. In addition©Xidation and deposition are those species which react with fuel
experiments in blending jet fuels with solvents, which is a hydroperoxides via a nonradical-producing pathway. Alterna-

method to decrease the concentration of these species in thdVely, hydroperoxides can decompose thermally or catalytically
fuels, also suggest the involvement of phenols in slowing to produce radicals which accelerate the autoxidation chain. In

oxidation and increasing depositi8h?° These observations jet fuels, these nonradical-producing hydroperoxide decompos-
provide compelling evidence that naturally occurring phenols

ing species include a subset of sulfur compounds, such as
are responsible for slowing oxidation and causing deposition sylfldes and disulfides. These can react with hydroperoxides
in jet fuels. vi
A number of techniques have been developed to measure
polar fuel species. These species can be separated and quantified
by normal-phase HPLC with UV absorption detectféisolid-
phase extraction techniques using silica gel cartridges can also ) _ _ o
separate these fuel components which can be subsequentlyvhere RSR is a sulfide and RSSR is a disulfide. These sulfur-
quantified by gas chromatograpPin addition, liquid-liquid containing species are referred to as “reactive sulfur” to
extraction followed by chromatographic analysis has also beendifferentiate them from the relatively unreactive thiophenes,
employed! While hydrocarbon fuel polars may consist of a Penzothiophenes, and dibenzothiophenes that are commonly
number of species classes, for jet fuels the polars have beerfound in jet fuels. It has been shown in previous work that jet

ROOH+ RSR— ROH + sulfoxide
ROOH+ RSSR— ROH + thiosulfinate

found to consist mostly of phenolic specf@sFor example,
analysis of the polar fraction of jet fuels via silica gel solid-

fuels which contain high levels of reactive sulfur species tend
to produce only very low levels of hydroperoxides during

phase extraction yielded a series of alkyl-substituted phenolsautoxidation, while fuels with low levels of reactive sulfur
almost exclusively® The concentration of polar species deter- SPecies tend to produce relatively high levels of hydroperox-
mined by the normal-phase HPLC method is shown in Table 3 ides?® Hydroperoxide-decomposing species serve to reduce the

(21) Taylor, W. F.; Frankenfeld, J. ihd. Eng. Chem. Prod. Res. e
1978 17, 86—90.

(22) Zabarnick, S.; Whitacre, S. . Eng. Gas Turbines Powéi998
120, 519-525.

(23) Jones, E. G.; Balster, L. MEnergy Fuel200Q 14, 640-645.

(24) Heneghan, S. P.; Zabarnick, Biel 1994 73, 35-43.

(25) Balster, L. M.; Zabarnick, S.; Striebich, R. €repr. Pap—Am.
Chem. Soc., Di Pet. Chem2002 47, 161—164.

(26) Zabarnick, Sind. Eng. Chem. Red.994 33, 1348-1354.
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oxidation rate by reducing thermal or catalytic hydroperoxide
decomposition and have been shown to act synergistically with
peroxy radical inhibiting species in slowing oxidati#hThus,
the reactive sulfur species (sulfides and disulfides) are believed
to be the primary components of the SH species class denoted
in Figure 1. In addition to affecting oxidation, there is also
evidence that oxidizable sulfur compounds promote surface
deposition®® Thus, the reactive sulfur species (sulfides and
disulfides) may also contribute to deposit formation.

A hydroperoxide reaction technique is used to quantify these
reactive sulfur species in fuét3> Fuels are reacted with
hydrogen peroxide and/or iodine and the remaining sulfur
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species are quantified by gas chromatography with atomic Table 4. Dissolved Metal Content of the Seven Fuels Studied (via

emission detection. As iodine only reacts with mercaptan sulfur, ICP-AES)
the mercaptan level can be determined by subtraction. Hydrogen Cu Mn Fe Mg Zn
peroxide reacts with sulfides, disulfides, and mercaptans, so that fuel (mgLl™) (gL (oL (ugL™) (uglL™?)
the sulfide plus disulfide level can be determined by subtraction F2747 (Jet A-1) 40 <10 93 33 89
and the use of the previously determined mercaptan level. TheseF2959 (Jet A) <18 58 174 34 153
techniques show that jet fuels usually have very low mercaptan 73084 (JetA) 25 <10 142 34 101
levels (<5 ppmwt) and the levels of reactive sulfur, i.e., sulfide F3166 (JetA) 1t 13 142 34 100
U9 ! - F3219 (Jet A) 58 <10 182 40 128
plus disulfide classes, typically vary over the rangel000 F3804 (JP-8) <18 <10 196 29 131
ppmwt. The concentrations of reactive sulfur determined for F4177 (JP-8) <18 88 144 26 69

the seven fuels of the present work are shown in Table 3. Use .
of the measured reactive sulfurs for numerical modeling is also duantified here (Cu, Mn, Mg, Fe, and Zn) were selected for
complicated by the fact that various species measured within their known ability to catalyze autoxidation or deposition, as
the class have a range of reactivities. Again, various sulfides Well as their being commonly found in fuel samples. Other
and disulfides react with hydroperoxides at different rates, and Metals, such as vanadium, are known to be detrimental to fuel
the measured reactive sulfur content of the fuel needs to bethermal stability but are not generally found in jet fuel distillate
related to the SH concentration used in the model. cuts. The table shows that Cu and Mn exhibit a wide variation
ROOH Species ClassHydroperoxides are important species 1N measured concentrations, from below _the detectl_o_n limit to
in fuel oxidation which greatly affect the overall oxidation rate. ©Over 100ug L™*, while Fe, Mg, and Zn display significantly
These highly reactive species are usually present at only very'ess variability. All of the .fuels. contain measurable levels of
low concentrations. Hydroperoxides are produced and destroyed™® M0, and Zn. Fuels with high measurable amounts of Cu
during fuel autoxidation but also exist in fuel prior to thermal t€nd to have low Mn levels, while fuels with measurable
exposure. A technique to quantify fuel hydroperoxides as a @mounts of Mn tend to have low Cu levels. Fe, Mg, and Zn

species class using reaction with triphenylphosphine via usually affect fuel thermal stability only at levels greater than
those found in these fuefsFor these reasons, in using the
ROOH -+ TPP— ROH + TPPO measured metals content in the kinetic mechanism, the Cu and

Mn concentrations were employed in the current work. Future
studies need to more closely examine the role and catalysis rates
of various metal species present in fuels.

Incorporating Measured Species Class Concentrations

has recently been develop&dThe triphenylphosphine oxide

(TPPO) produced is quantified by gas chromatography. This
technique uses small sample volume®)(5 mL), has a low ) S : h
detection limit (0.002 mM) and a wide dynamic range, and is into the Kinetic Model. Measurement of species concentrations

fast, reproducible, and accurate. The small required sample@S 9rouped species classes provides a way to characterize
volume allows laboratory-scale oxidation tests to be sampled differences between fuel samples and begins to reveal why

readily for hydroperoxide content. The low detection limit allows Various fuel samples have varying oxidation rates and deposit
the determination of hydroperoxide levels in fuels prior to forming tendencies. Aboye,]u§t|f|cat|on was prOVIded'fOF using
thermal exposure. As various fuel hydroperoxides have very the measur_ed p_ola_lrs_, _(pnmarlly phenals) cancentration as the
similar reactivity, this measurement of the hydroperoxide content PEOXy radical inhibiting species class, AH, as well as the
of the unstressed fuel can be used directly as an input to themeasured s_ulfur Species Wh'Ch react with hydroperomdgs as the
kinetic mechanism. We find that most fuels have hydroperoxide hydrqperomde decomposing species cIa;s, SH Agaln,. thege
concentrations of 330 uM. Results on the hydroperoxide species classes represent an ensemble of individual species with
content of the seven fuels studied here are shown in Table 3.2 ange of reactivities, and as such, a means to incorporate these
Kinetic analysis shows that at 18&, thermal decomposition species class measurements into the kinetic mechanism is

(via reaction 9 of Table 2) of these low levels of hydroperoxides €duired. The relationship between measured species classes and
creates a radical pool which is sufficient to initiate the the concentrations used in the model should ideally be propor-

autoxidation chain. Thus, reaction 1 of Table 2, which is used tional so that, for example, a doubling of the measured phenol

to create an artificial source of radical production to start the cr?ntentdrelsulas ina dOUbA'ngkOf t?}e AH concentra;ucin #S?d, I'nl
autoxidation chain, is unnecessary but is still used in the presentt'® Mmodel. The approach taken here was to model the initia
modeling to retain consistency with previous work. Low levels AH and SH concentrations via linear relationships which define
of hydroperoxides, such as those found in jet fuels, may also COnstants of proportionality,
be responsible for initiating autoxidation in other hydrocarbon Simulated AH[M]
oxidation system3? Const,, =

Dissolved Metals. Dissolved metals are known to play Measured polars[mg/L]
important roles in the oxidation and deposition of jet fifels. .
Metals increase the decomposition rate of hydroperoxides via Simulated SM]
a catalytic pathway and may also provide catalysis of other Measured reactive sulfurs[ppmwt]
reactions. It is essential to accurately quantify these species ) N
which can be active at very low concentrations (e.g., dissolved between fuel species class composition measurements and
copper has been shown to be active at a concentration as a lowsimulated initial concentrations. Values of these constants are
as 25 ppb). Inductively coupled plasma (ICP) techniques with cpns_tralned suph that the molar concentrations employed in the
either atomic emission spectroscopy (AES) or mass spectro-kinetic mechanism are less than or equal to the molar concentra-
metric detection provide promising ways for their identification tions of the measured species classes. This constraint derives
and quantitation. Metals concentrations via ICP-AES for the from the selection of Arrhenius parameters for the more reactive

seven fuels of the present work are shown in Table 4. The metalsmembers of the species class. For example, Arrhenius param-
eters for the peroxy radical reaction with phenols, reaction 5 in
(36) Benson, S. W.; Nangia, P. &cc. Chem. Red.979 12, 223-228. Table 2, were selected for very reactive phenolic species, such

Consty, =
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as hindered phenols, but most naturally occurring fuel phenols as opposed to the current work where the AH species class is
are likely to be less reactive. Thus, the species class concentrabeing associated with phenol species only. These new reactions
tions used in the model for AH and SH must be less than the have A reacting with the fuel species RH or terminating with
measured species class concentrations. an RQ radical. In addition to more closely representing the
For simplicity, dissolved metals were not included in previous important reactions which occur in this system, the new reactions
pseudo-detailed chemical kinetic mechanisms of fuel oxidation. provide improved agreement for the hydroperoxide profiles
To assess the relative importance of dissolved metals inreported below.
influencing oxidation behavior in the present work, a single  Numerical Simulations. All chemical kinetic simulations
metal-catalyzed reaction is appended to the kinetic mechanismpresented here were performed using the LSODA sé#ier

(reaction 18 of Table 2): integrate the multiple differential equations defined by the
) reaction mechanisms considered in a manner consistent with
ROOH + dissolved metals~ Whitbeck’s methodologf? for chemical kinetic simulations. It

RO’ + "OH + dissolved metals  is important to note that these simulations do not solve the
energy equation, so temperature changes due to exothermic or
This reaction increases the rate of hydroperoxide decompositionendothermic reactions are not modeled. At the relatively low
via a catalytic pathway but is a simplification of the complex temperature autoxidation conditions and low levels of dissolved
chemistry associated with dissolved metal catalysis in a numberoxygen considered here, energy changes should not be large
of respects. For example, the varied reactivity of individual enough to significantly affect the fuel temperature. In addition
dissolved metals such as Cu and Mn which are known to to individual chemical reactions and their associated rate
catalyze hydroperoxide decomposittéris not included here.  parametersA andEy), the initial species concentrations for all
In addition, the reaction is a simplification of the steps that may species are required as inputs along with the reaction time,
be involved in the catalysis of hydroperoxide decomposition. temperature, and tolerances for precision of the LSODA

Two-step redox schemes of the form integration. Initial concentrations of = 1 x 1078 M, [O2]o
=1.8x 103 M, and [RHp = 4.7 M are used for all simulations
M™ + ROOH— M™Y* + RO + *OH of the present work. Individual fuel samples are modeled via
initial concentrations of polar species ([A}i] reactive sulfurs
MY 4+ ROOH—M™ + ROT + H* ([SH]o), hydroperoxide species ([ROC#i]and dissolved metals

. . (IM] o). The concentrations employed in the model for these
have been propos&d for the catalytic decomposition of  gpecies for each of the seven fuel samples are discussed in later
hydroperoxides involving dissolved metal ions with multiple  sections. The initial concentrations of all remaining species in
oxidation states. However, recent studies utilizing density the mechanism are modeled as zero. The output for the kinetic
functional theory suggest that metal-catalyzed decomposition gimy|ations is concentration versus time for all species present
of hydroperoxides involves the formation of a complex and its i, the reaction mechanism.
subsequent decomposition to form radicals without regeneration  The computational fluid dynamics (CFD) simulations pre-

of the metal ion'? Another simplification associated with using  sented here were performed utilizing the commercially available

the above single reaction is the exclusion of other catalytic F| UENT software package (Fluent, Inc., Lebanon, NH). The

reaction pathways that may be important. That is, in addition fye| flow within the tubing of the deposition experiments was

to the catalytic decomposition of hydroperoxides, dissolved assymed to be axisymmetric and steady. Thus, the conservation

metals may catalyze fuel oxidation and deposition via other equations that are solved here may be expressed as

reaction pathways. In addition, the single-step reaction cannot

truly be catalyzed by metals, as the thermal hydroperoxide 9(oV,®) n WpV,P) 5 (r¢ 84)) L0 (rq) 8(1)) pV, P
ar

decomposition reaction is known to not contain a barffier. 9z o oz 9z ar r
While the single catalysis reaction is a simplification of the ® 5d
poorly understood metal catalysis process, its inclusion in the T +sP

mechanism provides a relatively simple method to assess the

importance of metal catalysis in jet fuel autoxidation and In this equationp is the fuel densityV, is the radial velocity

deposition. componentyV; is the axial velocity component,represents a
The mechanism of Table 2 also employs a refined set of radial coordinate, andrepresents an axial coordinate. Table 5

reactions for peroxy radical inhibition compared to previous provides a list of the transport coefficienis®) and source terms

studies?=® These reactions (reactions 6 and 7 of Table 2), (S?) corresponding to solution variables representedboyn
Table 5,c, is the specific heaty is the thermal conductivity,
A°+RH—AH+ R andu is the absolute viscosity. The variables, h, P, andY;
are the turbulent kinetic energy, its dissipation, enthalpy,
A’ + RO,” — Productg,, pressure, and the mass fraction of speciesspectivelyD is

the diffusion coefficientMyy; is the molecular weight of species
replace a series of reactions which begin with reaction of A i, and MWiZszRl R is the rate of production. All simulations
with Oy in the previous mechanism. As phenoxy radicals do incorporate relationships describing the temperature dependence
not readily react with @ the previous mechanism is incorrect of fuel properties (density, thermal conductivity, specific
for phenol type AH species. The previous work employed heat, and absolute viscosity). The relationships used are based
reactions which represented AH species more broadly as theon curve fits of fuel property datd.Here, we simulate the rate
many different species capable of reacting with peroxy radicals, of initial surface deposition. The presence of the time-

(37) Syroezhko, A. M.; Begak, O. YRuss. J. Appl. Chen2004 77, (39) Radhakrishnan, K.; Hindmarsh, A. C. 1993, UCRL-ID-113855.
1301-1307. (40) Whitbeck, M.Tetrahedron Comput. Methoddl99Q 3, 497-505.

(38) Walling, C.Free Radicals in SolutignJohn Wiley & Sons: New (41) Nixon, A. C.; Ackerman, G. H.; Faith, L. E.; Henderson, H. T;
York, 1957. Ritchie, A. W. 1967, AFAPL-TR-67-114.
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Table 5. Transport Coefficients and Source Terms Appearing in Steady-State Axisymmetric Conservation Equatién
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evolving surface deposits on the flow and heat transfer was notoxygen and hydroperoxide concentrations were measured as a
included in the simulations. function of flow rate (i.e., at varying residence time). This
For NIFTR CFD simulations, a constant wall temperature temperature was selected as representative of the highest
boundary condition of 18%C is prescribed. The flow is assumed temperatures of fuel exposure in aircraft fuel system engine
to be laminar within the NIFTR tubing based on previous nozzles, where deposition is most problematic. Flow rate ranges
analysis of the flowfield under similar experimental conditiéns. were selected so that the complete oxygen consumption profile
A uniformly spaced computational grid of 180 axial elements would be measured. As each fuel experiment is performed under
by 15 radial elements is used to model the axisymmetric identical conditions, the variances in oxidation behavior ob-
geometry. Analysis of the effects of grid resolution on the served are due to chemical composition differences between
simulated centerline temperature in the entry region of the the fuels. Figure 2 shows the dissolved oxygen consumption
NIFTR tubing was used as a basis for determining required grid profiles of the seven fuels in these NIFTR experiments. The
resolution. Simulations of the centerline temperature in the figure shows that the dissolved oxygen consumption rates of
NIFTR experiments indicate that the temperature is isothermal the fuel samples vary by almost an order of magnitude, with
over more than 90% of the tubing length. This result has complete oxygen consumption times ranging fremd.5 to
important ramifications in later analyses of chemical reactions almost 9 min. The observed differences in oxidation rates are
occurring in the flowfield and along the wall boundary. due to the varied species class compositions of the fuels. Fuel-
For ECAT CFD simulations, a fit of the measured outer wall like hydrocarbon mixtures with essentially zero heteroatom and
temperatures is used to prescribe an axially varying temperaturemetals content, such as Exxsol D80, display very fast oxidation
profile along the flowfield outer boundary (interior wall). As  curves with complete oxygen consumption<i min#2 The
the tube wall is thin (0.02 in. thickness), the radial temperature slower oxidation rates observed for these fuels are due to the
gradient between the outer and inner wall is not modeled for
simplicity. The flow is modeled as turbulent within the ECAT
tubing based on previous flowfield analysis of non-isothermal
experiments performed with the same tubing at similar flowrates.
A standardk—e turbulence model is used. A uniformly spaced
computational grid of 360 axial elements by 30 radial elements I
is used to model the axisymmetric geometry. Analysis of the o ¢4
effects of grid resolution on simulated mass-averaged bulk exit 8
temperatures over the range of ECAT experiments was used asz i
a basis for determining the required grid resolution. The £ o4
simulated bulk exit temperatures (not shown) are within 1% of I
the measurements for all experiments.

(mM)

Fraction

2

Measure

0.2

Simulated Dissolved O_ Concentration

Results and Discussion

Chemical Kinetic Modeling of Fuel Oxidation. A series 0 »
of thermal oxidative test runs were performed on seven fuel 0 1 2 3 4 5 6 7 8
samples to generate an experimental data set suitable for NIFTR Residence Time (min)
evaluation of the role of the species classes discussed above iftjgyre 2. comparison of measured and simulated dissolved oxygen
the autoxidation mechanism. NIFTR experiments were con- consumption for seven fuels stressed at P8 Symbols denote
ducted at 185°C on each of the seven fuels, and dissolved measurements. Curves denote chemical kinetic simulations.

7
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Figure 3. Plots of measured concentrations for various species classes vs concentrations used to model fuel samples in numerical simulations: (a)
polars vs AH; (b) reactive sulfurs vs SH; (c) hydroperoxides vs ROOH; (d) dissolved metats (@) vs M.

presence of species that slow the autoxidation chain. The curvedseven fuels; for two of the fuels (F3219 and F2959), agreement
lines in Figure 2 are chemical kinetic simulations for each of with the oxidation curves could only be obtained if lower
the fuels. The figure shows that very good agreement betweenconcentrations of metal content than the measured values were
the measured oxidation profiles and the modeled profiles were employed. Further study of the metals content of these fuels
obtained for all seven fuels. The kinetic modeling results was performed to determine the cause of this discrepancy.
reported here utilize the mechanism of Table 2 for each of the  The concentrations of dissolved metals found in the seven
fuels. The mechanism and Arrhenius parameters employed Werg,q|s is summarized in Table 4. As stated above, only the Cu
not adjusted for the different fuel samples, rather, the AH, SH, 5,4 Mn concentrations were employed in the model, as the

ROOH, and metals species class input concentrations to the,oncentrations of the other metals do not differ appreciably
model were different for each fuel. The relationships developed among the various fuels. In addition, it is known that Cu and

between thg r_neasured spegies glass concentrations (Tables g, - play a role in catalysis of hydroperoxide decomposiion
and 4) and initial concentrations input to the model for these and that Fe, Mg, and Zn are thought to affect fuel oxidation
Gnd deposition only at higher leveéldt was hypothesized that
if some of the fuels contained metal deactivator additive (MDA),
rthis could be inhibiting the catalytic activity of the metal and
fesult in a nonproportional modeling relationship. If MDA is
present in a fuel, the metal activity would be reduced, resulting
in a measured metal content which is too high for use in the
model. Ultimately, it is desirable to measure only metals which
are not complexed with MDA and thus available for catalytic
(42) Balster, L. M.; Balster, W. J.; Jones, E. Energy FuelsL99§ 10, activity, but the standard ICP analysis yields the total metals
1176-1180. content of each metal (i.e., both complexed and uncomplexed

proportional relationships were used for the peroxy radical
inhibiting (AH) and hydroperoxide decomposing (SH) species
classes and that the measured hydroperoxide concentrations we
used directly in the model. A proportional relationship in metals
content did not allow good agreement for all seven fuels with
the measured oxygen profiles. Figure 3 shows that for the metals
species a proportional relationship only holds for five of the
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metals). To address this hypothesis, MDA anal§%e$ each 1.8 T T
of the fuels was performed, which yielded measurable uncom- C 7]
plexed MDA in fuel F3219 only (the technique employed only C p
responds to uncomplexed MDA). This is one of the two outlier 15 E ]
fuels in the metals plot of Figure 3. Finding uncomplexed MDA r 1
in this fuel indicates that this fuel contains excess MDA and 12 L ]

that all metal species are likely complexed. Thus, the metals
concentration used in the model for this fuel should be zero or
very low, which is precisely where the F3219 data point needs
to be to fall on they = x line shown in the metals plot of Figure
3. Thus, MDA can account for the first outlier fuel in the metals
plot. MDA was not detected in the second outlier fuel (F2959),
but again, the analysis techniqgue employed only measures
uncomplexed MDA. The metals plot of Figure 3 suggests that
for fuel F2959, while MDA may be present, its concentration
is not high enough to complex all the metal species present,
and thus, an excess of uncomplexed MDA would not be A
expected. These results indicate that techniques need to be 0 1 2 3 4 5 6 7 8
developed to quantify “reactive metals”, i.e., dissolved metals
in the fuel that are actively involved in catalysis reactions.
Unfortunately, most metal analysis techniques do not distinguish 05 T T T T T
between inactive (e.g., complexed with MDA) and active (or
reactive) metals. One promising method which is able to provide
this differentiation uses HPLC to separate the metals species,
with flame atomic absorption detection of the metal atdfrfs.
While being able to simulate the dissolved oxygen consump- g
tion of seven fuels using measured species classes shows thaE
the kinetic mechanism and species class method is promising,®»
a more stringent evaluation is provided by comparing the sim-
ulated and measured changes in hydroperoxide concentrationsg
that occur during thermal stressing. These results are shown ing
Figure 4. The hydroperoxide quantities produced vary by over 2
an order of magnitude for the seven fuels, ranging fre@n05
(F3804) to~1.3 mM (F2747). In addition, the residence times
of the peak hydroperoxide concentration vary substantially from
~1.3 min (F3166) to fuels for which the hydroperoxide concen-
tration is still increasing at 7 min (e.g., F3219). This varied T L e b 1
behavior reflects the different quantities of species involved in 0 1 2 3 4 5 6 7 8
the production and destruction of hydroperoxides for each fuel. NIFTR Residence Time (min)
Reactive metals catalyze oxidation and hydroperoxide decom-F. . . .

o - L igure 4. Comparison of measured and simulated hydroperoxide
position and thus increase the oxidation rate and both the hydro-¢,ncentrations for seven fuels in the NIFTR at 285 Symbols denote
peroxide production and removal rate, while reactive sulfur measurements. Curves denote chemical kinetic simulations: (a) F2747,
species remove hydroperoxides and thus lower the hydroper-F3166, F3219, and F3804; (b) F2959, F3084, and F4177.
oxide level and increase the removal rate. Also, polar phenols
react with peroxy radicals and slow the oxidation rate, thus These results also give confidence in beginning the next step,
slowing the rate of production of hydroperoxides. Figure 4 also Which is the development of a submechanism for production
shows the hydroperoxide concentrations simulated by the kinetic of surface deposits, toward the goal of enabling the prediction
mechanism. Although the hydroperoxide simulations are not asof jet fuel oxidation and deposition over a range of fuels,
accurate as the dissolved oxygen simulations, the model predictemperatures, and flow environments.
tions of hydroperoxide peak location and absolute peak concen- Computational Fluid Dynamics (CFD) Simulations of Jet
tration agree reasonably well with the measurements. This work Fuel Deposition. Despite numerous studies of the production
is the first successful modeling of hydroperoxide concentration of surface deposits during fuel autoxidation, very little is known
vs time over a range of jet fuel samples and does so concurrentlyabout the chemical mechanisms which initiate and propagate
with the modeling of dissolved oxygen consumption. this process. Here, it is hypothesized that deposits result, at least

The ability to simulate oxidation rates and hydroperoxide in part, from subsequent reactions of the autoxidation products
profiles using a kinetic mechanism and measured species clas®f peroxy radical inhibitors (AH), such as naturally occurring
concentrations over a range of fuel samples provides confidencephenols, and hydroperoxide decomposers (SH), such as fuel
that the mechanism correctly includes the most important sulfides and disulfides. Such processes would account for the
reaction chemistry and that measured species class concentratendency of slow oxidizing fuels to form relatively high levels
tions can be used to determine autoxidation reactivity of fuels. of deposits and fast oxidizing fuels to generate only low amounts
of deposit$* as the same species which slow oxidation also

09 f

06 |

Measured and Simulated
Hydroperoxide Concentration (mM)

P T I R I Y

03 [

ured an
Hydroperoxide Concentration (mM)

(43) Striebich, R. C.; Grinstead, B.; Zabarnick,J5.Chromatogr. Sci. increase deposition. In addition, it is likely that some subclass,
200Q 38, 393-398. or subclasses, of fuel nitrogen compounds (e.g., indoles and/or
(44) Taylor, D. B.; Synovec, R. Elalanta1993 40, 495-501. ' inrog P 9
(45) Taylor, D. B.; Synovec, R. E]. Chromatogr.1994 659, 133 carbazoles) also contributes to surface deposftirput the
141. role of nitrogen species has not been explored in the present
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Table 6. Candidate Global Deposition Submechanisms 100 F—r— 7 7 T T T T T T T
deposit reaction reaction
submechanism number type reaction | ,
[}
a 19 wall Productg — deposits 80 H -
b 19 wall Productg + O, — deposits -~ - .,'
c 19 bulk Productg; — solubles 5 !
20 bulk Productgy — insolubles ] - '
21 wall insolubles— deposits =z 60 .
S L
work. In this section, the reactions which play a role in initiating §
surface deposition and the kinetics involved in these reactions 8

are further explored. As the deposition process is poorly 8 40 i
understood and extremely complex, the reactions employed here'S
for the deposit submechanism are necessarily global in nature. ®
That is, the reactions employed simulate a large amount of 20 @
poorly understood chemistry and do not represent individual I
elementary reactions. Thus, Arrhenius parameters used in the

o
\000gg00®00 T

deposition submechanism have no chemical significance, in 0 L1 P L L b b b |
contrast to the reactions of the oxidation mechanism (Table 2). 0 01 02 03 04 05 06 07 08
Various global reactions are available as candidates for the -
. . .. . Axial Distance (m)
deposit submechanism. It is important to select a reaction or

series of reactions that is able to reproduce the observedrigure 5. Comparison of measured and simulated deposit profiles for

" . . near-isothermal testing of jet fuel F2747. Symbols denote measure-
deposition proflles as We_” as the t|_me, temp_era;ure, and f'°W_ ments, and curves denote computational fluid dynamics simulations

dependencies of deposition. Reaction selection is also compli-for sypmechanism b (solid curve) and submechanism ¢ (dashed curve).
cated by the fact that deposit formation reactions can occur

directly at the wall surface, or initially in the bulk fuel with  insojuple species in the bulk fuel, with subsequent reaction of

subsequent reaction or adherence on the wall. In selectingine insoluble species at the wall to form deposits. The first two
candidate global deposition reactions, the goal is to select theg,pnmechanisms are adaptations of initial reactions studied

simplest reaction set which yields the observed deposition recentlyl® where oxygen was added in the second submecha-

profiles over a range of fuels and reaction conditions. It is pism to provide improved deposition profiles. The third sub-
important to note that the deposition submechanism is closely mechanism was created in the current study to provide improved
coupled to the autoxidation mechanism discussed above. Asagreement for the absolute deposit magnitude between the model
deposition is directly related to the oxidation process, it is ca|cylations and the experiment measurements. These results
essential to correctly simulate the rates and oxidation profiles 5re detailed below in studies of the modeling of deposition in

of a range of fuels to have an opportunity to model deposition near-isothermal (NIFTR) and non-isothermal (ECAT) reactors.
properly. One limitation of the current autoxidation mechanism

is that. while the hvd bon/ ¢ of th hani Near-Isothermal Deposition.NIFTR deposition experiments

IS that, while the hiydrocarbon/oxygen part ot thé mechanisSm q, o5ch of the seven fuels were performed at identical conditions
was dev_eloped over a range of temperatdr® reactions O_f f flowrate (0.25 mL min?), temperature (183C), and stress

the species classes AH, SH, and metals have only been validate ime (72 h). Thus, differences in deposition profiles and
?t a single .temperature. Th|§ !lmltat|on needs to be ConSIderedmagnitudes among,the fuel samples are driven by the varying
in the non-isothermal q_eposmon study_reported below. . . chemical composition of the fuels and the resulting changes in

_Three global deposmc_)n su_bmechanlsms_ were examl_ned N oxidation rate and deposit forming tendencies. Figured b

this Wprk,_an.d they are listed in Table 6. Initial pomputatlonal show the measured deposition of the seven jet fuel samples from
modelmg indicated that, for the AH a.n.d SH species Ievel§ found these experiments. The figures show that the measured peak
in the current fuels _and the _condmons of the experiments deposition varies by over an order of magnitude, ranging from
reported here, deposit production due to SH reaction productsNlo (for fuel F3219) to~160 ug cn 2 (for fuel F3166). The
was negligible relative to those produced via AH reaction 5o jocations in the tube at which the peak deposition occurs
prod'ucts. Thu§, for the CU”?‘F“ study, SH reagﬂon products were also vary significantly from~0.08 (F2747) to~0.48 m (F2959

not |tr_1cludedd|n tthe deposnéotn sbubmelchdan(;sm,tﬁ\lthfotlgh fSH and F3219) and appear to be related to the oxidation rate. That
reaction products may need 1o be Included In the TUture 1or 5o “q,6|5 that oxidize quickly tend to exhibit peak deposition
deposition submeghanlsmg .employed for a larger set of fuelsfurther upstream than those that oxidize more slowly. In
andfor (_)ther reaction co_n_dmons. . . addition, slow oxidizing fuels tend to have broader deposition

The first global deposition submechanism (submechanism apeaks than fast oxidizing fuels

'(? eTatt;]kea ,fgrr(;]?:;%ﬁ g]; oadjlcr':glce)% g:;ef; argt? c():goor; ;%ELO%L)QS In previous work under similar near-isothermal conditions,
at the wall to form deposits. This is the simplest and most direct g::If Zi%g;gf: Ezahg‘jaﬁ;'aégﬁsgg O;égf Thee! ﬁg?ﬁ'g?\mg
path to de_posns using the assumption that deposits reSU|t.f.rommaximum oxidation raté? Thus, if a proper deposition sub-
AH omda’uqn reaction products. The seqond gllobal deposmon mechanism is employed, the C’FD simulations should provide
submechanism considered (submechanism b in Table 6) is alsoal good estimation of the, location of the peak deposition over
a single reaction where Produgisspecies react with dissolved A ) .

. . —._ the range of fuels, as the autoxidation mechanism utilized here
oxygen at th_e wall o form deposns._The third global _deposmon closelygsimulates the measured oxidation profiles. For a given
?eu :gzgﬁgac\;ﬁg ésxan:ggzag:?mrg d'SC;I;a?;frf)bg?; i';ltjb?; tgrr]?jeglobal deposition submechanism, it is important to note that

’ P the only model inputs that are varied are the initial concentra-

(46) Taylor, S. EPrepr. Pap—Am. Chem. Soc., biPet. Chem2002
47, 165-169.

(47) Jones, E. G.; Balster, W. J.; Post, M. E. 1993, ASME 93-GT-334.
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Figure 6. Comparison of measured and simulated deposit profiles for Figure 8. Comparison of measured and simulated deposit profiles for

near-isothermal testing of jet fuel F2959. Symbols denote measure- near-isothermal testing of jet fuel F3166. Symbols denote measure-
ments, and curves denote computational fluid dynamics simulations ments, and curves denote computational fluid dynamics simulations
for submechanism b (solid curve) and submechanism c (dashed curve)for submechanism b (solid curve) and submechanism c (dashed curve).
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Figure 7. Comparison of measured and simulated deposit profiles for Figure 9. Comparison of measured and simulated deposit profiles for
near-isothermal testing of jet fuel F3084. Symbols denote measure- Near-isothermal testing of jet fuel F3219. Symbols denote measure-
ments, and curves denote computational fliid dynamics simulations MeNts, and curves denote computational fluid dynamics simulations
for submechanism b (solid curve) and submechanism c (dashed curve)0r submechanism b (solid curve) and submechanism c (dashed curve).

the magnitude of the deposition correctly. For relatively high

tions of species classes (AH, SH, ROOH, and dissolved metals)values of the 185C rate constant for the deposition reaction,
for the various fuel samples. Reactions comprising the global where all Producis; species result in the formation of deposits,
deposit submechanisms are appended to the oxidation kineticthe simulated peak deposit magnitude was orders of magnitude
mechanism of Table 2. The rate constants at°I86f the global greater than the measurements. Reduction of the°C8Eate
reactions in the deposit submechanism are calibrated by iterativeconstant resulted in a reduced magnitude of the simulated peak
adjustment of these values to provide the best match of depositdeposition, due to the resultant slowing of the reaction, but also
magnitude and axial location to the measured deposition profiles yielded unacceptably large simulated deposits downstream of
over the range of fuel samples. No constraints are placed onthe peak. Thus, this simple deposit submechanism does not
the values of the rate constants in the deposition submechanisnprovide the correct reactions to allow proper simulation of the
as the reactions are global and are not meant to represenimeasured deposition and was not considered further.
elementary chemical reactions. Submechanism b was created to address the deficiencies in

The first global mechanism considered (submechanism a) issubmechanism a, by adding oxygen as a reactant to the wall
a single, direct reaction of AH reaction products at the wall to reaction of Produckg. This modification should result in
form deposits. This submechanism was found to yield reasonablereduced deposition downstream of the oxygen consumption
simulations (not shown here) of the peak deposit locations for curve, as the deposition reaction rate is now proportional to the
the NIFTR deposition experiments but was unable to simulate oxygen concentration. The results of using submechanism b are
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Figure 10. Comparison of measured and simulated deposit profiles and ¢ of Table 6. Closed circles correspond to submechanism b, and
for near-isothermal testing of jet fuel F3804. SymbOlS denote measure- open circles Correspond to submechanism c.
ments, and curves denote computational fluid dynamics simulations
for submechanism b (solid curve) and submechanism c (dashed curve);nsoluble precursors can react to form deposits. This submecha-
7 — nism creates a competition in which only a fraction of the
1 products may react at the wall and provides the ability to more
readily calibrate the model for deposition magnitude. With this
submechanism, the location of the deposit peak is primarily a
function of the oxidation rate and the rate of the wall reaction,
while the deposit magnitude is primarily a function of the
\ 1 competition between the bulk reactions. It also provides for the
'-| o formation of soluble and insoluble products, as well as wall
H ] deposits, all of which are known to form in fuel autoxidative
\ systems. The plots in Figures-31 show that this submecha-
. '-. 1 nism also does a very good job at simulation of the axial location
H
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of the deposition peak for each of the fuels, but it also provides

improved agreement with the measurements for the low peak

] depositing fuels. Rate constant values (285 of kigc = 1 x

. 1P s koge =3 x 10’ s, andkyic=5 x 10°s I mtare

® @ L ) PRPEPY .Z used in the simulations and were again selected based on

o Wl N . . h iterative analysis over the entire range of fuel samples. For the
01 02 03 04 05 06 07 08 two lowest depositing fuels, F2959 and F3219, the submecha-

nism provided very good agreement for the deposit magnitudes

(within 30%) and profiles. For the other five fuels, the

Figure 11. Comparison of measured and simulated deposit profiles simulations yield deposit peak magnitudes that are from 20%

for near-isothermal testing of jet fuel F4177. Symbols denote measure-tg a factor of 3 of the measurements, without a propensity for
ments, and curves denote computational fluid dynamics simulations being too high or low.

for submechanism b (solid curve) and submechanism c (dashed curve). Figure 12 provides a comparison of the measured and

compared with the experimental measurements in Figurdd5  simulated peak deposition magnitude over the range of fuel
for each of the fuels. A 185C rate constant value ¢fop =5 samples using global deposit submechanisms b and c. For the
x 1074 L mol~! s7 m~1 was found to most closely simulate lowest depositing fuels (F2959, F3219, and F4177), the three-
the measured deposits. The plots show that the submechanismeaction submechanism is more accurate than the single-reaction
does a very good job of simulating the deposit peak location mechanism. For all remaining, higher depositing fuels, the
for all the fuels but does a better job of simulating the deposition single-reaction model is as accurate (F2747) or more accurate
magnitude for higher peak deposit fuels (e.g., F2747, F3084, (F3804, F3084, and F3166) than the three-reaction mechanism.
and F3166) than for lower depositing fuels. For these higher The results appear to indicate a change in the global deposit
peak deposit fuels, the simulation is within 30% of the submechanism with increasing fuel deposit level. This may be
measurement, but for the lower depositing fuels, the simulation due to a change of deposition chemistry which occurs as the
is only within a factor of 4 and always greater than the tube surface develops an increasingly thick layer of deposit,
measurement. perhaps because of entrapment of fuel in the deposit structure.
Submechanism ¢ was created to address the deficiencies irFurther elucidation of this effect will require additional studies
submechanism b. This submechanism consists of a three-stepvith a significantly larger set of fuels. Both submechanisms
scheme with two bulk reactions and a single wall reaction. In are able to quantitatively simulate the deposit production
the two bulk reactions, Produgts can react to form either  magnitude and location within a factor of 4 for the fuel with
soluble or insoluble precursors, and in the wall reaction, the the worst agreement and, more typically, within a factor of 2
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Table 7. Rate Parameters for Three-Reaction Global Deposition Submechanism

reaction number reaction A E, (kcal mol?) kissc
19 Productsy — solubles 1x 10°st 0 1x 10°s?
20 Productsy — insolubles 3.8« 1010571 6.5 3x 10’st
21 insolubles— deposits X 1Bstm? 16.3 5% 10%sIm™1

for these conditions and range of fuels. Overall, the results showstringent evaluation of both the oxidation mechanism and
the ability to quantitatively simulate the deposit production deposition submechanism.

magnitude and location in flow systems for various fuels using  Figure 13 shows measurements of deposition for the three
only readily measured species class concentrations. Furthe4177 ECAT experiments. The figure shows that the peak
evaluation of the usefulness of the approach is performed in deposition locations+0.6—0.8 m) and magnitudes-©90—160

the next section via simulations of deposition occurring in a ug cnr?) are temperature-dependent, where increasing the
non-isothermal flowing environment. temperature results in a larger deposition peak which occurs

Non-Isothermal Deposition. The near-isothermal deposition ~ €arlier in the tube. The resulting deposit simulations are shown
experiments and modeling reported above show the promise of@s curves in the figure and indicate that the axial locations of
utilizing the methodology described here for prediction of jet the simulated peak deposition agree quite well with the
fuel deposition. The single-temperature, near-isothermal en-measurements for the three experiments. Although the rate
vironment provides a simplified temperature condition which Parameters of the global reactions were constrained to match
enabled development of the autoxidative and deposition mech-the 185°C rate constant values established in the NIFTR
anisms, as well as inclusion of measured species class concend€position analysis, it was found that quite reasonable simula-
trations. As fuel is subjected to severe temperature changes infions of the magnitude and distribution of deposition were still
aircraft fuel systems, it is essential to perform experimental and OPtained. It should be noted that while many sets of rate
modeling simulations of such non-isothermal flow environments. Parameters for the global reactions can fit this constraint, the
The ECAT test rig is utilized here to evaluate the assumed Parameters employed here were found to provide the best fit to
oxidation and deposition mechanism and species class meth-',‘he data. These results indicate that the oxidation mechanism

odology on a flow environment in which the fuel undergoes IS useful over a broader and higher range of temperatures than

substantial temperature increases throughout the test tube. Herd1aS Peen previously validated.

fuel F4177, a JP-8 fuel that is included in the set of seven fuels, N Forl tge| mid-temperature case, which was useg to car:ibratt_]e
is run in the ECAT at three temperature conditions (maximum € global reaction rate parameters, Figure 13 shows that the

wall temperatures of 340, 370, and 480) with subsequent simulated peak deposition is within 5% of the measurement. In

determination of the surface deposit axial profiles. As each of the transition from the mid-temperature case to the low-

the ECAT experiments was performed with the same tubing, temperature. case, the.model correc.tly predicts a reducti.on.in
flow rate, and fuel, the differences in observed deposition peak deposition magnitude along with a downstream shift in

behavior are controlled by differences in the thermal environ- peak deposit location. In contrast, for the transition from the

ment (e.g., the temperature-dependent chemistry). The Oxidationmldtemperature case to the high-temperature case, the model

mechanism and input species class concentration profiles areOloes not predict an increase in peak deposit as is seen in the

the same as those employed in the previous section. The three_experimental measurements, although the simulated peak deposit

reaction global deposition submechanism (submechanism c) is

160 [
employed as it provided the best agreement for the near- r i ]
isothermal deposition of this fuel. It is important to note that 140 [ N
the 185°C rate constant values determined for the global r °

deposition reactions in analysis of the near-isothermal deposition
are maintained here. However, in contrast to the near-isothermal
simulations, the Arrhenius parameters of the deposit submecha-
nism reactions need to be determined for these non-isothermal
conditions. The approach taken here was to first “calibrate” the
rate parameterA(andE,) of the three global reactions for the
mid-temperature experiment, subject to the constraint of match-
ing the 185°C rate constant values. The resulting mechanism
is then utilized without any further modifications in simulations
of the two additional non-isothermal experiments (one at a
higher wall temperature and one a lower wall temperature).
Thus, the accuracy of the simulated deposition for the higher
and lower temperature experiments provides an indication of
the predictive capability of the model with changes in temper-
ature.

The calibration of the rate parameters for the global deposition Axial Distance (m)
reactions involved iterative comparisons of deposition simula- Figure 13. Comparison of measured and simulated deposition occur-
tions and measurements for the mid-temperature experiment.ring in non-isothermal flowing environments for jet fuel sample F4177.
The rate parameters determined for these global reactions are>YMbols denote measurements, and curves denote computational fluid
shown in Table 7. The AH, SH, metals, and global deposit sub- dynamics simulations. The blue symbols/curve indicate the lowest-

hani fth del h . v b lid temperature experiment (34C maximum wall temperature), the black
mechanism parts of the model have not previously been valid- gympois/curve indicate the mid-temperature experiment (30

ated at varying temperature conditions, so these non-isothermaknaximum wall temperature), and the red symbols/curve indicate the
experiments, with temperatures from 21~4400°C, provide a highest-temperature experiment (40D maximum wall temperature).
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of the high-temperature case is within 60% of the measurement.anism needs to be modified to include the different roles of
Further analysis of species profiles for the high-temperature caseparaffinic and aromatic species, as it currently does not
indicates that the reduction in peak deposition in the simulation differentiate between these species which have very different
is due to reaction 16, RO— R* + O,, of the mechanism reactivities in these systems. Additional experimental data needs
becoming increasingly fast with temperature. Ultimately, this to be acquired over a wide range of temperatures to better
results in a slowing of the oxidation process and a correspondingsimulate the range of temperatures to which fuel is exposed in
reduction in deposition. Future work needs to examine in more aircraft fuel systems. This additional data will help better
detail the effect of this reaction, and the entire mechanism, on determine the proper Arrhenius parameters that are required in
the temperature dependence of deposition. the mechanism. Data over a wide range of temperature may
The measured deposition proﬁles Shown in Figure 13 each a|SO |nd|Cate Othel‘ I’eaCtIOI‘]S that may need to be InC|uded undel‘

exhibit a shoulder on the downstream side of the deposition extrapolated conditions, e.g., relatively high and low tempera-
peak that is not predicted by the simulations. Additional work tures. The increasingly important role of peroxy radical decom-
was performed (not shown here) to ascertain the source of thisPosition at higher temperatures is an example of the type of
downstream shoulder. In these runs, ECAT deposits were information which resulted from the present study. In addition,
measured at various test times. The results indicate that thefurther studies of fuel autoxidation are needed to better
shoulder becomes more prominent at shorter test times than thé/nderstand the complexities of acid/base catalysis on autoxi-
studies reported here. These results indicate that the shouldeflation, the role of metal surfaces on the catalysis of deposition,
is likely due to deposition which occurs during fuel/tube and the role of metal deactlvato_rs on bulk and surfe_lce de_posmon.
temperature stabilization during the startup of the test. During Improvements in all of the reactions of the mechanism will come
oven heatup, as the fuel approaches the ultimate test temperaturdVith future studies on techniques to determine the Arrhenius
the fuel will be at various temperatures below the final Parameters of the reactions of interest. _
temperature. At these lower temperatures, deposition will occur ~ Ultimately, the fuel system and fuel component designer are
further downstream in the tube than at the final test temperature,concerned with the deposition which occurs over the lifetime
thus generating an apparent shoulder in the deposition. ThusOf the component, which is exposed to many fuels over
the CFD model, which simulates the steady portion of the test thousands of hours. Thus, future work also needs to address
run where the temperature at any point in the tube is constant,the expected average deposition produced over a typical variety
would not be expected to simulate this shoulder, which can be of fuel samples, so that designers can use simulations such as

considered to be an artifact of the startup procedure of the these to modify their component designs and/or limit temper-
experimental test. atures to minimize deposition in critical areas. In addition,

studies of flow and deposition in complex geometries which

Overall, the model does a very good job of simulating the . . . )
simulate the aircraft engine nozzle environment are necessary.

deposit location and peak magnitude for this fuel over the wide
range of temperatures to which the fuel is exposed during its .
transit through the tube. These results indicate that combining Conclusions

a suitable chemical kinetic mechanism with CFD modeling  Thjs paper describes the development of a modeling meth-
provides promise in simulating oxidation and deposition in the odology to enable the prediction of liquid-phase autoxidation
complex temperature and flow environment encountered in ang deposition of jet fuels. A chemical kinetic mechanism
actual aircraft fuel system components. developed previously is refined to include the roles of key fuel
Future Work. While the results reported here indicate that species classes, such as phenols, reactive sulfur species, dis-
the methodology of using species class measurements along witlsolved metals, and hydroperoxides. The concentrations of these
a chemical kinetic mechanism for the simulation of oxidation fuel species classes in the unreacted fuel samples are measured
and deposition is quite feasible, the method needs to be furtherexperimentally and used as an input to the mechanism. The
refined in a number of important areas. These include improved resulting model is used to simulate the autoxidation behavior
species class analyses, improved understanding of the role ofobserved over a range of seven fuel samples. The model includes
species classes and their interactions, refinements in the chemicasimulation of the consumption of dissolved oxygen, as well as
kinetic mechanism, additional deposition and oxidation experi- the formation and consumption of hydroperoxide species during
mental data over wider ranges of conditions, and additional thermal exposure. Proportional relationships were developed to
experimental data on a larger set of fuel samples. In particular, incorporate the measured species class concentrations into the
the role of metal and nitrogen species in the autoxidation processchemical kinetic mechanism. The fuel catalytic metal species
needs to be better understood so that these species can bare modeled using the Cu and Mn species measured in the fuels.
properly included in the mechanism. In addition, improved The presence of metal deactivating additive is shown to result
analysis methods are needed for both the metal and nitrogenin a lower required level of metals in the model input than the
species classes. The metal species need to be measureexperimental measurements for two of the seven fuels. Oxygen
accurately in the parts per billion range and speciated into consumption and hydroperoxide profiles are obtained in a near-
reactive and nonreactive components, while methods need toisothermal flow system at a temperature of 28 The model
be developed to quantify the nitrogen species by species classs able to satisfactorily simulate these oxidation and hydroper-
(e.g., indoles, carbazoles, etc.). In addition, more work needsoxide profiles for each of the seven fuels, using a constant
to be performed to determine the concentrations and tempera-chemical kinetic mechanism and by only varying the species
tures at which various fuel metals species begin to play a role class concentrations to differentiate the fuels.
in catalysis. The mechanism needs to be modified to include Computational fluid dynamics simulations of isothermal and
the differences in reactivity between hindered and non- non-isothermal deposition experiments were performed to
hindered phenols, as hindered phenols are more efficient atevaluate candidate global deposition submechanisms. Three
intercepting peroxy radicals but are likely less efficient at global deposition submechanisms were evaluated, and two were
producing deposition. Analysis techniques need to be developedfound to yield reasonable simulations of deposit peak location
to differentiate between these species as classes. Also, the mectand magnitude. These deposit submechanisms involve the
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reaction products of polar phenol species in the formation of No. F33615-03-2-2347. This work was also supported in part by
deposits. Including reactive sulfur species in the global deposi- the Air Force Office of Scientific Research (AFOSR). Julian
tion mechanisms did not improve agreement with the experi- Tishkoff is the AFOSR Program Manager. The U.S. Government
ment, and as such, these species were not employed in thes authorized to reproduce and distribute reprints for Governmental
deposit submechanisms. CFD simulations were also performedpurposes notwithstanding any copyright notation thereon. The views
for one fuel sample stressed in a non-isothermal flowing system and conclusions contained herein are those of the authors and should
at three different tube wall temperatures. The model simulations not be interpreted as necessarily representing the official policies
closely matched the location of the deposition peaks but were or endorsements, either expressed or implied, of the Air Force
less satisfactory at simulating the increasing deposit peak Research Laboratory or the U.S. Government. The authors would
magnitude with temperature due to limitations of the oxidation also like to acknowledge Lori Balster of UDRI for the polars
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